The littorine gastropod Bembicium vittatum has benthic egg masses and is thought to have little or no period of planktomc development. A study of allozyme polymorphisms in populations from the Houtman Abroihos Islands, Western Australia, permitted examination of genetic subdivision within and among island groups, and among populations from contrasting habitats which occur throughout the Abroihos archipelago. Across all populations, the average FST for five polymorphic loci was 0.163, which is very large for a marine species but similar to values found for other gastropods that lack planktonic development. The level of genetic subdivision varied dramatically with habitat. Over similar distances, the average FST among lake populations was 0.277, compared with 0.138 among populations from protected lagoonal shores, and only 0.022 among populations from relatively exposed shores. This variation emphasizes the need to consider local conditions when attempting to determine the genetic structure of a species.
Introduction
The amount of genetic subdivision within a species depends upon the interactions among natural selection, genetic drift, and gene flow. Gene flow among populations decreases the potential for genetic divergence due to either selection or drift. By retarding the accumulation of genetic differences, gene flow disrupts the development of localized adaptation. Similarly, by increasing effective population size, genetic connections among populations reduce both random fluctuations in allelic frequencies and the rate of loss of genetic variation due to sampling within finite local populations. Although it is fundamentally important, gene flow is not easily studied in natural populations. Measures of genetic subdivision are much easier to obtain. In addition to their descriptive value, such measures are being used increasingly to make inferences about the level of gene flow (Slatkin, 1985 (Slatkin, , 1987 ).
Questions about gene flow are particularly important in the marine enviromnent, because the potential for connectedness among populations is great. Knowledge of the extent of such connectedness is important both for the management of populations and for an understanding of evolutionary processes in the marine environment. Direct measurements of gene flow, however, are especially difficult to obtain for marine species. The extent of genetic connectedness depends upon the characteristics of the species and the environmental conditions. The duration of larval life has received much attention as a predictor of gene flow, and hence retardation of genetic divergence (Scheltema, 1971 (Scheltema, , 1978 Crisp, 1978) . Studies of allozyme polymorphisms have generally confirmed the expected inverse relationship between genetic differentiation and the probable length of larval life (e.g. Berger, 1973; Janson, 1987; Waples, 1987) , although some species with apparently a great potential for gene flow have a surprisingly large genetic subdivision (Burton, 1983; Hedgecock, 1986) . Littorinid snails have provided some of the clearest examples of the greater localized genetic differentiation and adaptation in species which lack a planktonic phase of development (Berger, 1973; Janson, 1987; Knight et al., 1987; Behrens Yamada, 1989 ).
Although the relationship between planktonic dispersal and reduced genetic differentiation has received much attention, less work has examined environmental effects on gene flow. As measures of genetic subdivision, such as Wright's (1978) FST, are increasingly used to characterize species, it is especially important to take into account environmental effects on the potential for gene flow. For marine species, this includes the strength and direction of water currents, as well as potential barriers to movements of animals.
The littorimd snail Bembiciurn vittatum (formerly Bembicium melanostoma; see Reid, 1988 ) provides a good opportunity to examine the extent of genetic subdivision in the context of both life history and contrasting environmental conditions. This species lives on sheltered intertidal rocky shores and mangrove roots in South Australia and southern Western Australia. It lays egg masses on the shore, and has little or no planktonic development (Reid, 1988) . Because of this mode of development, there is the potential for substantial genetic subdivision over relatively short distances.
At the northern end of its range in Western Australia, B. vittatum is widespread in the Houtman Abrlhos Islands. This archipelago includes a series of separate island groups, within each of which B. vittatum is found in contrasting areas of relatively exposed reef flats, calm lagoonal shores, and isolated lakes, which could be expected to affect the amount of gene flow. Because each of these habitats is found over the same distances, we have been able to use this heterogeneity to examine the spatial scale of genetic subdivision in B. vittatum associated with different environmental constraints to gene flow.
Materials and methods

Samples
Samples of B. vittatum were collected from rocky intertidal shores in the Houtman Abrolhos Islands in May, 1987 (Fig. 1) . These islands cap the southernmost coral reef structures in the Indian Ocean, and are 70-100 km off the Western Australian coast. The Abroihos archipelago consists of three carbonate platforms supporting groups of many low islands, each platform being 20-30 km in extent, and separated by deep channels 10-20 km wide (for a summary of the characteristics of the Abrolhos Islands, see Hatcher, 1985) . Between two and 10 samples from intertidal shores were collected from each of the three major island groups, thus allowing assessment of genetic divergence within and among groups. Within each island group, the southwestern portion is most exposed, with broad reef flats being well developed in Table 1. the Easter and Pelsaert groups (Fig. 1) . Although the reefs protect the island shores occupied by B. vittatum from deep ocean waves, these western populations are exposed to local wind waves and substantial wind and wave-driven water currents from the western reef margins. In contrast, the eastern edge of each platform is lined with long, narrow islands, which have calm lagoonal environments on their western shores. Sites numbered 2, 7, and 14 to 17 (Fig. 1) were from the more exposed western portions of the archipelago, whereas the remaining shore sites were from the eastern lagoonal areas.
Another contrasting set of habitats is provided by lakes found on several of the islands, most of which have large populations of B. vittatum. A parallel sample was collected from a lake less than 100 m distant for 8 of the 17 shore sites, making a total of 25 samples. 
Electrophoresis
The snails in each sample were frozen in the field in liquid nitrogen, and were later transferred to -70°C pending electrophoresis. Enzymes were extracted by grinding 1 vol. hepatopancreas in 2 vol. 
Analyses
Variation in allelic frequencies among samples for each locus was quantified using FST, the standardized variance in allelic frequencies, which measures the proportion of allelic variation that is due to differences among populations (Wright, 1978) . FST was calculated by the method of Weir & Cockerham(1984) . The jackknife procedure was used to obtain a mean and variance of F1 over the five loci, allowing comparison of values obtained for different sets of samples (Reynolds ci' a!., 1983) . To test the significance of FST, contingency chi-squared values were calculated, using the method of Workman & Niswander (1970) , in which
where N is the total sample size, and k is the number of alleles; d.f. = (k
, where m is the number of samples. To ensure that the expected values were 4, rare alleles were pooled; if as a group the pooled expected values were <4, the rare alleles were excluded from the test. In order to determine the apportionment of geographical variation within and among island groups, a hierarchical analysis of FST (Wright, 1978) was conducted, using the rnosys-1 computer package. Only the shore samples were included in this hierarchical analysis.
Pairwise comparisons between populations were made with Nei's (1978) unbiased genetic identity, calculated with niosys-1. Because these genetic identities were calculated for this selected set of polymorphic loci, they should not be compared directly with values from other studies.
Variation within populations was expressed as observed heterozygosity, H. Departures of heterozygosity from Hardy-Weinberg ,expectations were measured as D='(HHe)IHe, where He is the expected number of heterozygotes in the sample. Overall values for D were obtained by summing observed and summing expected numbers over samples. Statistical significance of the departures from Hardy-Weinberg expectations was tested with goodness-of-fit x2.
Results
Allelic frequencies for all loci in each sample are shown in Table 1 . The most variable locus is Vlp2. Although this locus was polymorphic in all samples 0.00 1.00 0.00 0.00 1.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 0.46 0.54 0.00 1L Long Is.
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In contrast, at the Lpp locus allele 100 is fixed in all but one sample from the Wallabi and Easter groups, but in the Pelsaert Group, Lpp89 was found in several of the eastern populations, at frequencies as high as 0.28 ( Table 1 ). The Pgd locus shows a similar, but less extreme, pattern to that of Lpp: Pgd'°° is fixed in most samples, including all but one from the Wallabi and Easter groups, but there are localized low frequencies of Pgd'°° in the eastern Pelsaert Group (Fig. 2) .
The overall picture is clear despite the uniqueness of patterns of geographical variation for each locus. There is some regional variation, with particular alleles being associated with individual island groups: Lpp" and Pgd8° were found almost exclusively in the Pelsaert Group, which also had the highest frequencies of V1p2Iü0, whereas Lap"2 and Vip]"4 were nearly restricted to the Easter Group (Table 1) . Only the Wallabi Group lacked such genetic distinctness.
Overriding these regional differences, however, are substantial local variations within island groups. These include many differences between lake and shore samples, but we will first consider the differences among shore samples. For all of the loci examined except V1p2, the variation in allelic frequencies among shore samples within one of the island groups encompasses that among all shore samples (Fig. 2) . Even at the V1p2 locus, differences among sites within groups are substantial, with the frequency of l'7p2' ranging from 0.17 to 0.70 in the Easter group and 0.54 to 0.94 in the Pelsaert group (Fig. 2) . To quantify this comparison of variation within and among island groups, we performed a hierarchial analysis of FST: only 20 per cent of the geographical variation among shore populations is due to differences among island groups, with 80 per cent being among populations within groups.
The most interesting aspect of this variation among shore populations is that it is largely confined to the eastern islands; the populations from the more exposed western islands are relatively similar, regardless of island group. At the most variable locus, for example, the frequency of the V1p2'°° allele varies within the relatively narrow range of 0.60-0.82 among the western populations, compared with 0.17-0.94 among the shore populations from the eastern islands ( Fig. 2 ; Table 1 ). The average FST (± S.E.) is only 0.030 0.002 among the western samples for all five loci examined, compared with 0.138±0.012 among the eastern shore samples (Table 2 ).
In addition to this geographical variation among shore sites, there is an even greater variation associated with the lake populations. Differences between lake samples and the adjacent shore sites were widespread and often substantial, and were found at all loci except Pgd (Table 3) . Among the most dramatic differences were the frequencies of 0.06, 0.31, and 0.22 for Lap"2 in the lake populations from Serventy, Suomi, and Kern islands, respectively, despite the absence of that allele from the adjacent shore samples. There is a tendency among the lake populations for those four lakes which are more isolated from the ocean (1, 3, 4, 12) to be less similar to their adjacent shore populations (average genetic identity S.E. = 0.985 0.007) than the populations from the four less isolated lakes (0.997 0.003), although the differences was not quite significant (t=1.659; d.f.=6; 1-tailed P=0.074). The substantial differences between lake and adjacent Table 4 . The average level of heterozygosity for the five polymorphic enzymes was as high in the lake samples as in the shore samples, 0.101 0.043 (S.E.) and 0.097 0.061, respectively. At the Lap locus, heterozygotes were found in five of the eight lake populations, but not in the eight adjacent shore populations. This trend was not consistent across loci, however, and no patterns of different levels of heterozygosity were found between lake and shore samples. Similarly, there were no detectable differences in heterozygosity between the western and eastern shore populations.
Most genotypic frequencies were close to expectation under Hardy-Weinberg equilibrium; of 43 tests in which the expected values were at least 4, there were five significant (P<0.05) departures from expectations. The significant departures were all deficits of heterozygotes, and they were confined to the Lap (two cases) and l'7p2 (three cases) loci (Table 4) . Furthermore, the lake populations from Suomi and Keru islands accounted for all but one of the departures, as both Lap and J'7p2 showed large deficits of heterozygotes in these samples (Table 4) . A possible explanation for this concordance would be the coexistence of two genetically distinct groups within each of these lakes. To test that possibility, we looked for linkage disequilibrium between Lap and V1p2 in the two lake samples with deficits of heterozygotes but there was no sign of the anticipated association between loci.
Discussion
The general picture that emerges for Bembicium vittatum is one of a high degree of genetic subdivision but with striking variation in the level of that subdivision. This combination reflects both the characteristics of the species and the importance of the environment in determining the amount of genetic and random causes. One expectation from random genetic drift, however, is that isolated populations should have lower levels of polymorphism. This was not found in B. vittatum. Genetic drift is an especially unlikely explanation for the finding of the uncommon Lap'2 allele at moderate frequencies in three of the lake populations in the Easter Group. With this localized exception, however, differences between lake and shore samples are inconsistent, making them difficult to interpret as a result of selection. The possibility of differences occurring in the localized selection is particularly strong in the lakes because they are subject to greater variations in temperature and salinity, and experimental tests of possible selection would be worthwhile.
The contrast in the levels of subdivision among lake and shore populations is a clear example of the importance of barriers to gene flow. Note, however, the extremely low level of genetic divergence found among the shore samples from the western islands. The relative uniformity of these populations both within and between island groups is shown by their average value of FST of only 0.030, nearly an order of magnitude smaller than that for the lake populations, and only one-fifth as large as that for the shore populations from the eastern islands. This low level of genetic differentiation must be explained by some combinations of high gene flow or strong uniform selection. Because of their position facing the open reef, these western populations are subject to a greater flow of water, which should both increase dispersal and decrease at least some environmental differences between sites. In the absence of details of the extent and direction of flow, and the consistency of patterns of flow over time, we cannot infer the actual potentials for gene flow between particular populations. Consequently, we cannot separate the relative contributions of gene flow and selection. Nevertheless, the extremely low level of genetic divergence among the western samples has implications for the probable mode of development in B.
vittatum. In a review of types of larval development in littorines, Mileikovsky (1975) lists B. vittatum (as Bembicium melanostotna) as having direct development. This is based on the observation of development past the veliger stage within benthic egg masses (Anderson, 1958) . These egg masses did not hatch, however, so we cannot be certain that development was normal. As Reid (1988) points out, the relatively large protoconch of B. vittatum is characteristic of species with little or no planktotrophic development, but the conclusion that development is direct is questionable. The high degree of genetic uniformity among the western populations in the Abroihos Islands strongly suggests that there is a short planktonic stage. Otherwise, it is difficult to reconcile the high degree of uniformity of the western populations with the high degree of genetic subdivision of the eastern populations.
Regardless of the actual length of the planktonic stage, if there is one, the contrast in levels of genetic subdivision from different habitats emphasizes the importance of environmental context. Such environmental effects have important implications both for the measurement of gene flow or genetic subdivision and for the understanding of evolutionary processes in the sea. On a broader geographical scale, it is well recognized that the magnitude of genetic differentiation varies within a species, often as a result of major barriers. A good example is the concordant pattern of genetic divergence found in many species between populations on the coasts of the Atlantic and the Gulf of Mexico, in the United States, representing a major biogeographic split (e.g. Johnson, 1975; Reeb & Avise, 1990 (Winans, 1980 ). An even clearer example of the importance of particular types of environment on genetic subdivision is the pattern of variation in snapper, Chysophrys auratus, in Australia. Although there is very little genetic divergence among populations over thousands of kiometres along the outer coast, there are genetically divergent populations in the embayments of Shark Bay in Western Australia, Spencer Gulf in South Australia, and Port Phillip Bay in Victoria (Johnson et al., 1986; Richardson et al., 1986) . The findings for Bembicium vittatum show that environmental differences can affect genetic subdivision on a much smaller geographic scale. Taken together, these examples of localized disruptions to gene flow indicate that evolutionary changes in marine species are more likely to result from peculiar local conditions that favour isolation, than from the more typical, highly connected populations.
